Introduction
The suprachiasmatic nucleus (SCN) coordinates circadian timing of metabolic processes and energy homeostasis using two main pathways: the endocrine and the autonomic nervous system (Kalsbeek et al. 2006) . In this respect, there are numerous data highlighting corticosterone and melatonin as important circadian regulated hormones maintaining metabolic homeostasis and energy balance (Bedrosian et al. 2016) . The daily peak of glucocorticoids is associated with the onset of the activity period, thus preparing the organism by inducing catabolic reactions of energy stores (Dallman et al. 2004) . Corticosterone is in addition involved in the regulation of metabolic processes including gluconeogenesis and lipolysis as well as maintaining a high-amplitude expression rhythmic in the circadian clock Per genes (Rose & Herzig 2013 , Polidarová et al. 2016 . The melatonin peak occurs only during the dark period (its synthesis is prevented by light exposure) and influences energy balance, insulin production, secretion and action and participates in synchronizing insulin-sensitive metabolic processes (Cipolla-Neto et al. 2014 , Owino et al. 2016 . For example, melatonin treatment diminishes body weight gain and hepatic lipid accumulation in rodent models of diet-induced obesity (Prunet-Marcassus et al. 2003 , Hatzis et al. 2013 . Exogenous melatonin also protects from deleterious effects of constant light exposure (LL): melatonin given to animals subjected to LL, enhances glucose utilization, improves lipid metabolism and ameliorates oxidative stress related to exacerbated bile acid accumulation (Mustonen et al. 2002 , Cruz et al. 2003 . In contrast, glucocorticoids have negative side effects on metabolism stimulating hepatic and adipose lipogenic activity and VLDL secretion and decreasing insulin sensitivity (Ashley et al. 2011 , Chimin et al. 2014 . However, these effects are obtained by the administration of very high doses of glucocorticoids, used to treat inflammatory diseases. Interestingly, there is also evidence that in addition to the dose and treatment duration; when corticosterone is given at the time of day when the normal peak occurs less severe side effects are noted (Wu et al. 2016) .
Several studies indicate that disturbing the circadian system leads to metabolic dysregulation. Nevertheless, up till now, there are no clear experimental data to what extent the disturbance of the rhythmicity of hormones in association with the disturbance in the rhythm of food intake is important for metabolic dysregulation. In this sense, alteration of daily secretion of glucocorticoids and melatonin caused by circadian disruption (shift-work, extended illumination exposure or daytime feeding) are proposed to be related to metabolic dysregulation (Bedrosian et al. 2016) . Thus, rhythmic secretion of these hormones is suggested to be necessary to maintain the temporal patterns of peripheral metabolism (Prasai et al. 2014) . It is suggested for example that the presence of glucocorticoid-responsive elements found in the clock gene Per1-2 promoters, could explain how corticosterone can contribute to the process of resetting the circadian rhythmicity of peripheral genes (Balsalobre et al. 2000) . Furthermore, glucocorticoids also prevent a rapid uncoupling of peripheral oscillators when restricted feeding occurs in the rest period, enhancing the circadian time signals transmitted by the SCN and delaying the daytime meal effect (Le Minh et al. 2001) . In addition, melatonin influences the expression of Rev-erbα, a nuclear receptor implicated in the circadian regulation of SREBP signaling (an important lipid metabolism regulator) and bile acid homeostasis (Le Martelot et al. 2009 , Polidarová et al. 2016 .
Also, the fed-fasting cycle driven by the SCN acts as entraining signals for cellular processes in the liver, adipose tissue and muscle (Dibner et al. 2010 . In agreement with this, hepatic triglyceride (TG) content is temporally regulated by the SCN and feeding time (Adamovich et al. 2014) . Exposing rodents to LL leads to circadian disruption, which is associated with metabolic alterations including hepatic steatosis (HS), dyslipidemia, disruption of bile acid homeostasis, insulin insensitivity and increased adipose mass (Ma et al. 2009 , Shimba et al. 2011 , Coomans et al. 2013 , Aoki et al. 2014 . Interestingly, similar health problems are observed in persons exposed to conditions of circadian misalignment, such as those with night-eating syndrome and shiftwork schedules (Goel et al. 2009 , Gooley & Chua 2014 . Therefore, understanding physiological processes leading to HS and its prevention is of great importance. Hence, we hypothesize that LL in rodents, causes a loss of synchrony between the endocrine time signals driven by the SCN and food-related signals, causing a metabolic misbalance in the liver that leads to HS.
Material and methods

Animals
Male Wistar rats 200-220 g (six weeks of age) were individually housed in acrylic cages inside soundproof lockers with controlled temperature of 22°C, in a 12:12 light:darkness cycle (lights on at 8:00 h, geographical time, defined as zeitgeber time or ZT0) and free access to water and to a standard diet food (Rodent Laboratory Chow 5001) until otherwise stated. Animals were randomly assigned to each of the following experimental group by a simple randomization method as previously described (Suresh 2011) . Importantly, cage cleaning and food/water changes were realized weekly and randomly in order to avoid external time cues for the rats subjected to LL condition. The current study was approved by the Ethics Committee of the Universidad Nacional Autónoma
Experimental design
Experiment 1 aimed to confirm that LL is a circadian disrupting procedure leading to HS and other metabolic alterations. Rats under ad libitum conditions were randomly assigned to two groups: (A) maintained in a 12:12 light:darkness (LD) cycle (LD-AL, n = 7) and (B) exposed to chronic constant light (LL) for six weeks (LL-AL, n = 7).
Experiment 2. In order to test if in LL-arrhythmic animals (after three weeks of LL exposure), induced rhythmic hormonal cycles could prevent HS, a group of ad libitum fed LL rats were randomly divided in two groups: (A) daily administration of vehicle at 8:00 h (LL + Veh, n = 8) and (B) receiving daily hormonal (corticosterone 2.5 µg/Kg and melatonin 2.5 mg/Kg) treatment given at 8:00 h (LL + H, n = 6). Both groups received the daily treatment for four weeks.
Experiment 3 explored whether restricting food for 12 h in LL animals for a period of four weeks could prevent or ameliorate metabolic disturbances caused by circadian disruption. Two randomized groups of rats were assigned to the following conditions: (A) rats under ad libitum maintained in a 12:12 light:darkness (LD) cycle (LD-AL, n = 6) and (B) animals made arrhythmic by chronic LL exposure (three weeks) with 12-h food access (LL-RF, n = 6). All groups were followed and monitored during four weeks.
Experiment 4 tested in LL-arrhythmic rats whether daily food for 12 h, combined with scheduled hormonal treatment could prevent HS compared to animals that received 12-h food only. Arrhythmic LL rats (exposed to LL for three weeks) were subdivided into three groups: (1) restricted food access (from 20:00 to 8:00 h; LL-RF, n = 6), (2) restricted food access (from 8:00 to 20:00 h) scheduled in phase with hormonal treatment, hormones given at 8:00h (LL + H-RFi, n = 9) or (3) restricted food access (from 20:00 to 8:00 h) out of phase with hormonal treatment at 8:00 h (LL + H-RFo, n = 9).
Tissue collection
Animals were killed using an overdose of pentobarbital at the end of the food intake period according to each food schedule condition: at 8:00 h for LD-AL, LL-AL, LL + Veh, LL + H, LL-RF and LL + H-RFo groups and at 20:00 h for LL + H-RFi groups respectively. Whole liver and epididymal (eWAT), retroperitoneal (rWAT) and subcutaneous (inguinal) fat pads (sWAT) were collected, weighed and stored at −80°C. One week before killing, all groups were 16-h food deprived such that the onset of food deprivation was 4 h before the time the animals normally received food. Blood was collected under fasting conditions for hormones and metabolites determination at 9:00 h (ZT1), 14 h (ZT6) and 20 h (ZT12) from tail puncture. Serum obtained was stored at −80°C.
Behavioral monitoring
Rats were housed in individual cages inside soundproof lockers. Animal displacements in the cage were monitored daily with electric pressure sensors placed under the cages. Behavioral events were recorded with a digitized system and every minute stored for further analysis with the program for PC SPAD9 designed for this system (Omnialva SA de CV). Double plotted actograms were constructed representing the number of activity counts every 15 min. A χ 2 periodogram was obtained from the last 10 days of monitoring.
Body weight and food consumption
Body weight was determined at the beginning and at the end of each protocol. Body mass gain was registered every week such, to have similar feeding conditions for all groups: (a) at 8:00 h (ZT0) for LD-AL, LL + Veh, LL + H, LL-RF and LL + H-RFo groups and at 20:00 h (ZT12) for LL + H-RFi groups respectively. These parameters were included in an equation illustrating the food efficiency for each experimental group as reported previously (Moura et al. 2012) .
Glucose tolerance test (GTT)
GTT was determined as previously described (SalgadoDelgado et al. 2013) . Briefly, control and experimental groups were fasted overnight just before the normal feeding time (or the equivalent time in the LL groups, 16 h fasting). Blood sampling (basal) was obtained (from tail puncture) at ZT0 (8:00 h) in the case of LD-AL, LL + Veh, LL + H, LL-RF and LL + H-RFo and at ZT12 (20:00 h) LL + H-RFi groups respectively, such that all animals were analyzed at the same circadian time. Blood samples were collected before and after 1 g i.p. glucose administration 235:3 (15, 30, 60 and 120 min respectively). Glucose level was determined with a blood glucose monitor (Glucose meter, Chip, Abbott).
Hormonal treatment
Arrhythmic rats after 3 weeks in LL received melatonin and corticosterone once every 24 h to mimic their respective humoral circadian rhythms for an additional 4 weeks. Slow-release melatonin (Chronocaps; Productos Medix S.A. de C.V., México City, México) pill fragments equivalent to a concentration of 2.5 mg/kg and corticosterone (HBC complex, Sigma-Aldrich) 2.5 µg/kg dissolved in 10 µL ethanol were inserted and injected respectively in a piece of apple (5 mm 3 ) provided to the rats in order to avoid periodic handling or stressful signals. The apple piece (with or without hormones) was always given at the same geographical time (8:00 h or ZT0). Plasma corticosterone and melatonin levels were evaluated at ZT1 and ZT12 for corticosterone and ZT1, ZT6 and ZT12 for melatonin according to the expected maximum plasma concentration (T max ) (Pan et al. 2006 , Karatsoreos et al. 2010 , Romo-Nava et al. 2014 . The apple piece injected with the same amount of ethanol used to dissolve the corticosterone was used as the control treatment.
Oil-red-O (ORO) staining
Small pieces of liver tissue were fixed, cryopreserved and stained with Oil-Red-O as reported previously for representative HS images (Salgado-Delgado et al. 2013) .
Liver triglyceride content
Total hepatic lipid content was extracted according to the Folch method (Folch 1957 ) and stored in saline-Tritón ×100 solution (1:9) at −20°C. TG content was assessed using a TG determination kit (ELItech Clinical Systems, Paris, France).
Hepatic bile acids content
Total hepatic bile acids were determined as described by the manufacturer determination kit (Diazyme Laboratories, Poway, CA, USA). Briefly, 1 g of hepatic tissue was homogenized in PBS and centrifuged 10,000 g for 10 min and supernatant was recovered and stored at −80°C until used. Bile acids concentration was calculated as molar concentration per gram of tissue.
Serum determinations
Triglyceride (ELITech Clinical Systems), β-hydroxybutyrate (Sigma-Aldrich), insulin (ALPCO Diagnostics, Salem, NH, USA), melatonin (IBL International, Hamburg, Germany) and corticosterone (MP Biomedicals, Santa Ana, CA, USA) levels in serum were determined according to the procedure of the manufacturer. For hormonal determinations, the minimum detectable doses as well as the percentage coefficient of variation (a consistency parameter of each assay) were: 0.124 ng/mL and 9.95% for insulin, 0.3 pg/mL and 12.7% for melatonin and 1.5 ng/mL and 7.2% for corticosterone, respectively. Blood samples for triglycerides, β-hydroxybutyrate and insulin were obtained as described previously for glucose in GTT section. The homeostasis model of insulin resistance (HOMA-IR) as a parameter that allows to estimate the insulin sensitivity/resistance was determined as = ((fasting insulin (ng/mL)) × (fasting glucose (mmol/L)))/22.5 as previously reported (Muniyappa et al. 2008) .
Statistical analysis
Results are presented as mean ± standard error of the mean (s.e.m.). One-way ANOVA and two-way ANOVA followed by Bonferroni's and Tukey post hoc test respectively and unpaired Student-t test were assayed using the GraphPad Prism, version 6.0 (GraphPad Software). Statistical significance was assumed when P < 0.05.
Results
Constant light causes arrhythmicity, metabolic disturbances and HS
In experiment 1, after three weeks in LL, animals showed a clear loss of locomotor activity rhythm as well as loss in corticosterone and melatonin rhythms (Fig. 1) . After seven weeks in LL, the metabolic parameters were established: with respect to lipid metabolism, an increase in hepatic TG content (8.1 ± 0.8 vs 5.8 ± 0.2 mg/g of tissue, P < 0.05; Fig. 2A, Supplementary Fig. 1 , see section on supplementary data given at the end of this article), in serum TG levels (3.9 ± 0.6 vs 1.3 ± 0.1 mmol/L, P < 0.005; Fig. 2B ), in ketone β-HB levels (8.8 ± 2.0 vs 3.5 ± 0.4 mmol/L, P < 0.05; Fig. 2C ) as well as in hepatic bile acids content (189.4 ± 10.5 vs 148.4 ± 10.1 µmol/L, P < 0.05; Fig. 2D ) as compared with the LD-AL control group. Also, the LL-AL group exhibited a significant increase in the epididymal (15.5 ± 0.9 vs 11.2 ± 1.0 mg/100 g of body mass, P < 0.05), retroperitoneal 235:3 (10.8 ± 0.8 vs 6.7 ± 0.7 mg/100 g of body mass, P < 0.05) and subcutaneous fat pads (16.2 ± 0.8 vs 9.9 ± 0.9 mg/100 g of body mass, P < 0.05) respectively (Fig. 2E ). In addition, the LL-AL group showed a considerable increase in fasting glucose (7.4 ± 0.8 vs 4.7 ± 0.2 mmol/L, P < 0.05; Fig. 2F ) and fasting insulin level (0.84 ± 0.18 vs 0.31 ± 0.02 ng/L, P < 0.05; Fig. 2G ). This result can be associated with an increased HOMA-IR (8.1 ± 0.83 vs 5.8 ± 0.2, P < 0.0001; Fig. 2H ) as well as an impaired glucose clearance more pronounced in the LL-AL group (P < 0.0001; Fig. 2I and 40.8 ± 1.9 vs 28.2 ± 1.1 glucose mmol/L/min, P < 0.001; Fig. 2J ). Interestingly, body mass gain and food efficiency (Moura et al. 2012) were augmented in the LL-AL group (~40%, P < 0.05), while food intake was comparable with the LD-AL group (Table 1) . These results suggest that loss of circadian rhythmicity under LL seriously disturbed lipid metabolic processes and glucose homeostasis leading to HS.
Rhythmic melatonin and corticosterone treatment in LL ameliorates liver steatosis and glycemia
Since LL induces loss of circadian rhythmicity and alterations in metabolism as illustrated in experiment 1, we examined whether an induced recovery of the circadian rhythm in corticosterone and melatonin could prevent metabolic disruption of animals in LL (Fig. 3A) . Hereto we (n = 6 for LD-AL and n = 7 for LL-AL). *Indicates statistical difference from LD-AL by Student-t test (P < 0.05) and Two-way ANOVA, (only for GTT assay, Tukey's post hoc test, P < 0.05) respectively.
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used a procedure whereby melatonin was provided in slowrelease capsules inserted in a piece of apple, resulting that both corticosterone (dissolved in ethanol) and melatonin could be given in the same apple piece, thus producing the normal expected pattern with high melatonin levels in the middle of the night, occurring with a difference of 6 h from high corticosterone levels (Fig. 1B) and Fig. 3C shows high experimental melatonin levels, 5 h after the corticosterone peak. This way of providing melatonin and corticosterone at the same time in the apple allowed us to mimic the 'correct' melatonin temporal signal as compared with the control group (Fig. 1B) . Moreover, the apple portion used as vehicle was ingested quickly and did not provoke an entrained rhythm in arrhythmic control animals ( Fig. 3B left  panel) ; however, animals with apple-hormonal treatment recovered a rhythmic locomotor activity ( Fig. 3B and C) . The small piece of apple with hormones restored a 'normal' peak in both corticosterone and melatonin (Fig. 3C) .
Interestingly timed corticosterone and melatonin delivery ameliorated LL induced HS about 20% (LL + H) vs the LL + Veh group (5.8 ± 0.7 vs 8.7 ± 0.7 mg/g of tissue, P < 0.01; Fig. 4A, Supplementary Fig. 1 ). Also, ketone bodies and liver bile acids decreased significantly in LL + H (5.0 ± 0.6 vs 7.1 ± 1.2 mmol/L and 148.1 ± 7.5 vs 183.8 ± 13.6 µmol/L, P < 0.05; Fig. 4C and D) . However, adipose fat mass remained similar between groups (Fig. 4E) . Fasting glucose level in the hormonal treated group LL + H was significantly lower than that in the LL + Veh group (5.4 ± 0.4 vs 7.6 ± 0.4 mmol/L, P < 0.05; Fig. 4F ); yet, hormonal treated animals developed hyperinsulinemia (3.3 ± 0.3 vs 0.97 ± 0.08 ng/L, P < 0.005; Fig. 4G ). In relation with this, hormonal treatment provoked an increase in HOMA-IR (3.8 ± 0.8 vs 1.3 ± 0.2, P < 0.001; Fig. 4H ) but seemed to favor an improved glucose clearance as shown by the GTT (P < 0.0001; Fig. 4I ; 30.7 ± 2.0 vs 40.0 ± 1.1 glucose mmol/L/ min, P < 0.005; Fig. 4J ) while increased body mass and food efficiency remained increased (Table 1 ). In addition, it is notable that numerous metabolic parameters presented by the humoral treated group were comparable to the control LD-AL group (stippled lines in Fig. 4) . Therefore, daily hormonal treatment only improved HS, hyperglycemia and hyperketonemia, but did not attenuate the deleterious effects of LL such as dyslipidemia, increased body fat and body weight gain.
Restricted mealtime in circadian disrupted animals ameliorated glycemia through increasing insulin levels
Food intake acts as an important external signal that coordinates metabolism and peripheral circadian Table 1 Body weight, body mass gain, meal ingestion and food efficiency of rats under ad libitum food access (AL) submitted to 12:12 LD cycle (LD-AL) and constant light (LL-AL), under constant light in ad libitum food access plus vehicle (LL + Veh) and plus hormonal treatment (LL + H), restricted fed under constant light (LL-RF), LL and restricted food in phase with hormonal treatment (LL + H-RFi) and out of phase (LL + H-RFo).
LD-AL (6)
LL-AL (7)
LL + Veh (7)
LL + H (6)
LL-RF (6)
LL + H-RFi (9)
LL + H-RFo ( Number of rats per group is included next to the group name. *Indicates statistical difference from LD-AL (Tukey post hoc test, P < 0.05).
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rhythmicity. In this third experiment, we tested whether daily restricted food (LL-RF) is capable to prevent metabolic disturbances related to continuous light exposure. However, LL-RF showed an elevated hepatic TG content (7.7 ± 0.5 vs 5.6 ± 0.4 mg/g of tissue, P < 0.005; Fig. 5A ), serum TG (3.9 ± 0.2 vs 1.3 ± 0.1 mmol/L, P < 0.005; Fig. 5B ) and hepatic bile acid levels (183.6 ± 14.1 vs 148.4 ± 10.0 µmol/L, P < 0.005; Fig. 5D ) as compared to LD-AL animals. Also an increase in retroperitoneal and subcutaneous adiposity was observed in LL-RF group in comparison to the LD-AL (12.4 ± 0.8 vs 6.7 ± 0.7 and 13.7 ± 0.9 vs 9.9 ± 0.9 mg/100 g of body mass, P < 0.005; Fig. 5E ). Serum glucose levels ( Fig. 5F ) and GGT test (Fig. 5I) were comparable with LD-AL group, while hyperinsulinemia (0.9 ± 0.1 vs 0.3 ± 0.02 ng/L, P < 0.005; Fig. 5G ) and a higher HOMA-IR (1.4 ± 0.1 vs 0.4 ± 0.02, P < 0.005; Fig. 5H ) persisted in the LL-RF group. Additionally, also body mass was increased in the LL-RF group (~40%, Table 1 ).
Food in phase with daily hormone treatment, alleviates HS, glucose management and visceral adiposity
As observed in experiments 2 and 3, hormonal treatment or restricted mealtime alone did not prevent all metabolic alterations caused by LL. Therefore, in the next experiment, 
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we aimed to investigate the possible beneficial effect of a recovery of physiological rhythmicity by synchronizing 12-h food access with peaks of corticosterone and melatonin in phase with food (LL + H-RFi), or out of phase (LL + H-RFo) with food ( Fig. 6) . LL + H-RFi showed comparable hepatic TG content and bile acids level as LD-AL ( Fig. 7A and D) . However, serum TG (3.8 ± 0.4 vs 1.3 ± 0.1 mmol/L, P < 0.05; Fig. 7B ), ketone bodies (9.7 ± 0.4 vs 3.8 ± 0.3 mmol/L, P < 0.05; Fig. 5C ) and retroperitoneal fat pad mass (10.8 ± 0.8 vs 6.7 ± 0.7 mg/100 g of body mass, P < 0.05; Fig. 7E ) were increased as compared to the LD-AL group. Notably, although fasting glucose levels did not change between LL + H-RFi and LD-AL (Fig. 7F) , insulin levels were increased in the LL + H-RFi group (1.0 ± 0.3 vs 0.3 ± 0.02 ng/L, P < 0.05; Fig. 5G ).
On the other hand, the group LL + H-RFo exhibited the worst metabolic outcome; it showed increased HS as compared to the LL + H-RFi group (8.4 ± 0.4 vs 6.3 ± 0.2 mg/g of tissue, P < 0.05; Fig. 7A, Supplementary Fig. 1 ), marked dyslipidemia (6.0 ± 0.4 vs 3.8 ± 0.4 mmol/L, P < 0.05; Fig. 7B ) and in comparison to LL + H-RFi, decreased ketone bodies (5.5 ± 1.3 vs 9.7 ± 0.4 mmol/L, P < 0.05; Fig. 7C) . The LL + H-RFo group also showed increased visceral (eWAT, 15.8 ± 0.9 vs 12.3 ± 0.4 mg/100 g of body mass, P < 0.05) and increased subcutaneous adiposity (14.6 ± 1.2 vs 10.7 ± 1.1 mg/100 g of body mass, sWAT, P < 0.05) as compared to LL + H-RFi (Fig. 7E) . In addition, LL + H-RFo showed severe hyperinsulinemia (4.0 ± 0.3 vs 1.0 ± 0.3 ng/L, P < 0.05; Fig. 7G ), insulin resistance as described by HOMA-IR index (5.9 ± 0.5 vs 1.6 ± 0.5, P < 0.001; Fig. 7H ) 
and glucose clearance impairment (P < 0.001; Fig. 7I ; 51.7 ± 3.7 vs 24.7 ± 1.2 glucose mmol/L/min, P < 0.05; Fig. 7J ) when compared with the control LD-AL and experimental LL + H-RFi groups. Body weight gain, food consumption and meal efficiency were comparable in all experimental groups (Table 1) . Consequently, mimicking corticosterone and melatonin temporal signals normally induced by the SCN in LD conditions, in synchrony with the normal food intake pattern resulted in pronounced improvement of metabolic conditions.
Discussion
The present results demonstrate that HS and metabolic disruption observed in animals maintained in LL is at least partly due to a loss of synchrony between hormonal signals driven by the SCN and food intake patterns. When animals subjected to LL received melatonin and corticosterone treatment in synchrony with food intake, HS was prevented and this treatment restored to a large extent the disturbed metabolic conditions due to LL. Therefore, our results indicate the importance of corticosterone and melatonin rhythms in synchrony with the moment of food intake.
Constant light and physiological dysregulation
Circadian desynchronization results in HS and other metabolic alterations such as dyslipidemia, hyperglycemia, insulin insensitivity and obesity, as previously reported (Coomans et al. 2013 , Salgado-Delgado et al. 2013 , Aoki et al. 2014 , Kim et al. 2015 . Here, we show that LL in addition to the induction of locomotor and food intake arrhythmicity, also affects the daily endocrine profiles: the corticosterone circadian rhythmicity is abolished, its daytime level increased, its night time level decreased and melatonin is suppressed. This agrees with studies showing that the absence of melatonin is associated with hepatic insulin resistance and increased gluconeogenesis (Pan et al. 2006 , Nogueira et al. 2011 and that increased corticosterone levels are related to increased adiposity and the development of other metabolic syndrome parameters (Woods et al. 2015) . Since LL is associated with the loss of rhythmicity in various physiological and behavioral parameters, we aimed to identify which of the SCN outputs could be crucial for maintaining metabolic health.
Ectopic fat accumulation is prevented by circadian hormone treatment
In the present study, the significant body weight gain observed in LL-circadian-disrupted groups could not be explained by augmented food ingestion. Other studies have suggested that this is due to an increased metabolic efficiency, low energy expenditure and reduced locomotion (Borniger et al. 2013 , Coomans et al. 2013 . Many studies, including ours, report a strong correlation between visceral fat mass and hepatic lipid accumulation (Polidarová et al. 2011 , Konrad et al. 2014 .
Figure 7
Hormonal treatment in phase with food improves disturbed LL glucose metabolism. Hepatic (A) and Serum TG (B), β-hydroxybutyrate levels (C), hepatic bile acids (D), white adipose tissue mass (eWAT = epididymal, rWAT = retroperitoneal and sWAT = subcutaneous) normalized with respect to body weight (E), blood glucose levels (F), serum insulin levels (G); HOMA-IR (H) and glucose tolerance test (I and J) were determined in control LD-AL (black bars n = 6), LL restricted food access in phase with hormonal treatment (LL + H-RFi = light pointed bars) and LL restricted food access animals out of phase with respect to hormonal treatment (LL + H-RFo = black pointed bar) respectively. Data presented as mean ± s.e.m. (n = 6 LL-RF and n = 9 LL + H-RFi/LL + H-RFo). *Indicates statistical difference against LD-AL and † from LL+H-RFi group by One-way ANOVA (Bonferroni's post hoc, P < 0.05) and Two-way ANOVA (only for GTT assay, Tukey's post hoc test, P < 0.05) respectively.
Yet, here we observed that although LL + H showed an augmented visceral adiposity, the hormonal treatment attenuated liver steatosis. This can be explained as a result of the crosstalk between adipose-liver and proinflammatory signals that mediate fat accumulation. In obese conditions, adipose tissue inflammation may occur preventing adipose tissue to expand further, leading to fat accumulation in ectopic tissues such as the liver (Nov et al. 2013) . Since corticosterone and melatonin may act as anti-inflammatory signals; these hormones may have prevented the inflammatory component in adipose tissue thus preventing hepatic fatty acid accumulation.
There is growing evidence of the participation of bile acids in the development of HS: increased levels of bile acids in the liver may induce a cascade of events driving the progression of HS through an alteration in the lipogenic pathways and a consequent lipid accumulation (Porez et al. 2012) . Here, we show that circadian disruption also increased hepatic bile acid content, which recently was associated to cholestasis and peripheral clock alterations (Kettner et al. 2016) . Interestingly, all humoral treated groups (LL + H, LL + H-RFi and LL + H-RFo) exhibited diminished bile acid levels, indeed preventing the cholestasic profile (or diminishing HS) that was observed in circadian disrupted groups LL-AL, LL-Veh and LL-RF, respectively. This observation indicates an important role of corticosterone and melatonin rhythms on liver bile acid metabolism (Kettner et al. 2016) , while food temporal signals alone did not have effect to prevent this process.
Food in phase with SCN-related hormone signals improves metabolic disturbances
The present study shows that the reinstatement of a rhythm in melatonin and corticosterone, especially when synchronized with food, improved metabolic perturbations derived from circadian disruption. Interestingly, in spite of the fact that feeding time is recognized as an important synchronizer for peripheral clock gene expression (Damiola et al. 2000) , the 12-h food intake schedule could not recover the metabolic changes caused by circadian disruption. The present study shows that signals induced by scheduled food fail to a large extent to reinstate the normal liver metabolism and that in addition to food-related signals, the hormonal signals driven by the SCN are needed to restore for a large part the normal metabolic profile of the liver.
Of all experimental groups, only those treated with the hormones out of phase with the scheduled restricted feeding did not show improved glucose tolerance. A possible explanation is that although exogenous melatonin is associated with improved glucose homeostasis, its action mechanisms may be related to the synchrony with food intake, while also the corticosterone treatment out of phase will have increased the corticosterone levels at a non-physiological moment.
It may be argued that our results in rats may not equate with results in humans due to the time-related differences in hormone levels; the corticosterone peak several hours prior to the melatonin peak in nocturnal rodents, while the melatonin peak is several hours prior to the corticosterone peak in humans -causing a different temporal relationship between the two peaks. On the other hand, melatonin shows virtually the same daily profile independently of nocturnality or diurnality. In addition, melatonin has an important feedback role on the SCN where its receptors are expressed both in nocturnal and diurnal species (see for review Pevet 2016) . Consequently the normal action of melatonin in contrast to the other hormones is always associated with the dark phase, indicating that it is either involved in supporting functions associated with sleep (in diurnal animals) or with activity (nocturnal animals) (Pevet 2016) . The opposite temporal patterns in activity between diurnal and nocturnal animals has as consequence that also the circadian pattern of glucocorticoids and glucose exhibit opposite phases between diurnal and nocturnal organisms. Therefore, our present results demonstrate that not just food, melatonin or corticosterone are important but that the timing of the corticosterone and melatonin peak in relation to meal intake is crucial for the development or prevention of metabolic diseases.
Conclusions
Our results demonstrate that without synchrony between food intake and endocrine signals, normally driven by the SCN, metabolic alterations occur leading to HS. Nevertheless, in spite of amelioration of metabolic conditions by food intake in synchrony with melatonin and corticosterone rhythm, constant light still maintained a disruptive influence indicating yet additional factors influencing the metabolic condition. We propose that other SCN communication pathways in addition to food intake, corticosterone and melatonin, such as a direct autonomic nervous system influence to the liver may also participate in the aberrant SCN output due to LL.
Finally, modern life seems be associated frequently with a desynchronized life style, with all its consequences
